(19) 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 




(12) 



(43) Date of publication: 

13.11.1996 Bulletin 1996/46 

(21) Application number: 96303265.1 

(22) Date of filing: 10.05.1996 



(n) EP 0 742 634 A2 

EUROPEAN PATENT APPLICATION 

(51) mtci.6: H02K7/16, F01D 25/04 



(84) 


Designated Contracting States: 


(72) 


Inventor: Bosley, Robert W. 


DE FR GB 




Cerritos, California 90701 (US) 


(30) 


Priority: 12.05.1995 US 440541 


(74) 


Representative: Milhench, Howard Leslie et al 




R.G.C. Jenkins & Co. 


(71) 


Applicant: CAPSTONE TURBINE CORPORATION 




26 Caxton Street 


Tarzana, California 91356 (US) 




London SW1H OR J (GB) 



(54) Compound shaft 

(57) A compound shaft for a three journal bearing 
turbomachine is disclosed which includes a first stiff 
shaft supported by two journal bearings, a second stiff 
shaft supported by one journal bearing and by one bi- 
directional thrust bearing, and a flexible disk shaft that 
operably connects the first and second stiff shafts. The 
flexible disk shaft utilizes a flexible disk to function as a 
low hysterisis joint in parallel with a non-linear trunion 
clock spring such that the flexible disk shaft transfers 
overt um ing support from the first stiff shaft to the second 
stiff shaft and transfers thrust bearing support from the 
second stiff shaft to the first stiff shaft The flexible disk 
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large misalignments of the three journal bearings from 
a strait line axis. The dynamic characteristics of the com- 
pound shaft (especially the axial location of the flexible 
disk of the flexible disk shaft) are utilized to tune the fre- 
quencies of the turbomachine's rigid body and flexural 
criticals. All rigid body critical frequencies can be set be- 
low twenty percent of the machine's maximum operating 
speed and all flexural critical frequencies can be set 
more than thirty five percent above the turbomachine's 
maximum operating speed. When the compound shaft 
is supported by compliant foil hydrodynamic fluid film 
bearings (both journal and thrust), all negotiated rotor 
criticals can be extremely well damped (dimensionless 
damping coefficient Q of less than 2.5) and all criticals 
(both negotiated rigid body criticals and unnegotiated 
flexural criticals) need not be balanced. 
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Description 

TECHNICAL FIELD 

This invention relates to the general field of shafts s 
for rotating machinery and more particularly to an im- 
proved compound shaft that includes a flexible disk 
shaft and two relatively rigid or stiff shafts which together 
form the compound shaft. 

10 

BACKGROUND OF THE INVENTION 

In rotating machinery, various rotating elements 
such as compressor wheels, turbine wheels, fans, gen- 
erators, and motors are affixed to a shaft upon which is 
they rotate. The shaft can be a single piece unitary struc- 
ture of nearly constant diameter or it can be a compound 
structure having two or more relatively rigid or stiff shaft 
elements connected by one or more relatively flexible 
shaft elements. A single piece shaft machine would typ- 20 
Ically have its shaft supported by two journal bearings 
and a bi-directional thrust bearing. A two stiff shaft ele- 
ment compound shaft machine would typically have 
each of its stiff shaft elements supported by two journal 
bearings (for a total of four journal bearings) and would 2s 
have either one or two bi-directional thrust bearings (two 
thrust bearings being required if the relatively flexible 
shaft element is unable to transmit axial loads). The ro- 
tating machinery industry generally considers that it is 
impractical to support high speed turbomachinery shafts 30 
of either the single piece or compound type on three 
journal bearings owing to the difficulty of holding three 
bearings in straight alignment, together with the large 
shaft and bearing stresses that result when bearing mis- 
alignment occurs. 35 
* a* a turbomachine fs acce!e r »ted, the shaft and the 
rotating elements affixed to it pass through rigid body 
and flexural critical resonant frequencies or criticals. For 
the purpose of this disclosure, rigid body criticals will be 
defined as those rotor resonances where a single piece 40 
shaft or the stiff shafts of a compound shaft deflect within 
the compliant mounting of the journal bearings but do 
not bend This definition allows for bending of the flexible 
shaft element of a compound shaft due to rigid body crit- 
ical rotor resonances. Flexural criticals are herein de- *s 
fined as those rotor resonances where a single piece 
shaft or the stiff shafts of a compound shaft bend. 

Imbalances In the rotor assembly cause the shaft 
to deflect from its straight line axis as it passes through 
these criticals. This deflection can induce rotor assem- 50 
bly rubbing, shaft stresses and bearing stresses that ex- 
ceed design limits and cause hardware damage. These 
problems are most serious when a flexural critical must 
be negotiated since: 1 ) flexural criticals typically occur 
at higher rotor speeds than rigid body criticals; 2) high & 
speed criticals store more resonant energy that must be 
damped by the turbomachine's bearings and suspen- 
sions than do low speed criticals; 3) rigid body criticals 



store most of their potential energy in the deflections of 
the springs in the bearings and suspensions where it is 
available for damping; and 4) flexural criticals store most 
of their potential energy in the deflections of the spring- 
like shafts where it is not available for damping by the 
bearings and suspensions. Thus, the bearings and sus- 
pensions used in turbomachinery typically have difficul- 
ty in damping a flexural critical These problems are fur- 
ther exacerbated when the turbomachinery utilizes con- 
ventional compliant foil hydrodynamic fluid film bearings 
(e.g., air bearings) since conventional bearings of this 
type typically have soft spring properties and poor 
damping properties. For these reasons, when designing 
a turbomachine, it is highly desirable to assure that no 
flexural critical frequencies occur below the turboma- 
chine's maximum operating speed (and thus need to be 
balanced and negotiated) and to assure that all negoti- 
ated rigid body critical frequencies are well below the 
turbomachine's minimum normal operating speed. 

When determining the operating speed, shaft diam- 
eter, and shaft length of a turbomachine, the following 
factors and relations must be considered: 

* The electric power capability of a motor or generator 
of a given type and given magnetic flux density is 
proportional to the length of the magnetic rotor 
times the square of the diameter of the magnetic 
rotor times the rotor speed; 

* The centrifugal stresses induced in any rotating el- 
ement of a turbomachine having relative dimen- 
sions and materials held constant are proportional 
to the square of shaft speed times the square of the 
diameter of that element; and 

* The frequency of any flexural critical for a simple 
shaft is proportional to the first power of its diameter 
.and Inversely projxwtiona!. to the square ot- to? 

length. 

These and other relations produce the following ob- 
servations: 

* High power turbomachines must operate at lower 
speeds than low power turbomachines; 

* Turbomachines with many rotating elements (com- 
pressors, turbines, fans, generators, motors, etc.) 
will require shafts that are longer than turboma- 
chines with only a few rotating elements; 

* A turbomachine having only two rotating elements 
(e.g., one compressor wheel and one turbine 
wheel) may be able to utilize a single piece shaft of 
nearly constant diameter supported by two spaced 
journal bearings and have it first flexural critical 
speed occur above operating speed and thus not 
require negotiation of the first flexural critical or 
maybe not even require assembly balancing of that 
critical; and 

* A turbomachine having three rotating elements (e. 
g., one compressor wheel, one turbine wheel and a 
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motor/generator) is very unlikely to be able to utilize 
a single piece unitary shaft of nearly constant diam- 
eter supported by two spaced journal bearings and 
have its first flexural critical frequency occur above 
operating speed. Such a turbomachine is likely to 
require a compound shaft to assure that the first 
flexural critical frequency is above the turboma- 
chine's maximum operating speed. 

When high speed turbomachinery utilizes single 
piece shafts supported by two journal bearings, it is 
common for the highest frequency rigid body critical to 
occur at a relatively high percentage of operating speed 
(e.g., 30% to 50%) and for the first flexural critical to be 
near operating speed (e.g., 75 % to 125% of operating 
speed). The ratio of the frequency of the first flexural 
critical to the frequency of the last rigid body critical is 
typically low (e.g., slightly over 2:1). If the first flexural 
critical is in fact below operating speed and must be ne- 
gotiated, it will be poorty damped and will require careful 
balancing of the turbomachine as an assembly. It is 
highly desirable for the first flexural critical to be above 
operating speed, but this is not always possible with sin- 
gle piece shafts that must be long to accommodate the 
various rotating elements that must be affixed thereon 
(compressor wheels, turbine wheels, fans, generators, 
motors, etc.). 

When high speed turbomachinery utilizes two piece 
compound shafts supported by four journal bearings 
and one or two bi-directional thrust bearings and utilizes 
a lightweight shaft with two universal joints to connect 
the two stiff shafts, machine length can be excessively 
long and machine complexity and costs can be high. 

For turbomachines with three rotating elements, the 
problems of single piece shafts supported by two journal 
bearings and the problems of compound shafts support- 
ed by tour joumai bearings can be avoided by utilizing 
a compound shaft supported by three joumai bearings. 

SUMMARY OF THE INVENTION 

In the present invention, the compound shaft gen- 
erally comprises a first stiff shaft rotatably supported by 
a pair of journal bearings, a power head shaft or second 
stiff shaft rotatably supported by a single joumai bearing 
and by a bi-directional thrust bearing, and a flexible disk 
shaft. The flexible disk shaft, which includes the tie rod 
upon which the second stiff shaft, including the com- 
pressor wheel, bearing rotor, and turbine wheel, is re- 
movably mounted, is coupled with an interference fit to 
the first stiff shaft by a flexible disk and quil! shaft which 
prevents translational or rotational movement between 
the first and second stiff shafts and yet permits flexure 
of the second stiff shaft with respect to the first stiff shaft. 

In one embodiment, a generally cup-shaped flexible 
disk member and short quill shaft are at one end of the 
flexible disk shaft The cup-shaped flexible disk member 
interference fits over the corresponding end of the first 



stiff shaft which may be a sleeve enclosing a permanent 
magnet. A plurality of spaced holes or slots are included 
in the base or disk of the cup-shaped flexible disk to con- 
trol the spring rate of the compound shaft or the flexible 
s disk may have a tapered thickness. In other embodi- 
ments, the flexible disk interference fits within the sleeve 
of the first shaft enclosing the permanent magnet. 

A compound shaft for a three joumai bearing tur- 
bomachine is disclosed which includes a first stiff shaft 
supported by two journal bearings, a second stiff shaft 
supported by one journal bearing and by one bi-direc- 
tional thrust bearing and a flexible disk shaft that con- 
nects the first and second stiff shafts. The flexible disk 
shaft, which operably connects the first and second stiff 
shafts, utilizes a metal flexure disk to function as a low 
hysterisis joint in parallel with a non-linear trunnion clock 
spring. The flexible disk shaft transfers overturning sup- 
port from the first stiff shaft to the second stiff shaft and 
transfers thrust bearing support from the second stiff 
shaft to the first stiff shaft. The flexible disk shaft allows 
the compound shaft to tolerate extremely large misalign- 
ments of the three joumai bearings from a strait line axis. 
The dynamic characteristics of the compound shaft (es- 
pecially the axial location of the flexible disk) are utilized 
to tune the frequencies of the turbomachine's rigid body 
and flexural criticats. All rigid body critical frequencies 
can be set below twenty percent of the machine's max- 
imum operating speed. All flexural critical frequencies 
can be set more than thirty five percent above the ma- 
chine's maximum operating speed. When the com- 
pound shaft is supported by compliant foil hydrodynamic 
fluid film bearings (both joumai and thrust), all negotiat- 
ed rotor criticals can be extremely well damped (dimen- 
sionless damping coefficient Q of less than 2.5) and all 
criticals (both negotiated rigid body criticals and unne- 
gotiated flexural criticals) need not be balanced. 

TTid iiTSi kill? Suofi CcuTiito a"MouOW~oio8V6 With a 

magnet for a permanent magnet motor/generator 
mounted therein. This permanent magnet shaft can 
have its sleeve's outer diameter serve as both the motor/ 
generator rotor outer diameter and as the rotating sur- 
face for the two spaced compliant foil hydrodynamic flu- 
id film journal bearings mounted at the ends of the per- 
manent magnet shaft The permanent magnet shaft can 
have hollow ends for lightening and to induce cooling 
air flow. The hollow end of the first stiff shaft nearest the 
flexible disk shaft can have a stiffening sleeve inserted 
thereinto to increase the frequency of the first flexural 
critical An inertia! mass ring can be attached to the com- 
pound shaft at the axial location of a node for a flexural 
critical (e.g., through the back plane of a turbine wheel) 
to increase the frequency of that critical. 

It is therefore a principle aspect of the present in- 
vention to provide an improved compound shaft for a 
turbomachine. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with the ability to function 
without being radially supported by four joumai bear- 
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ings. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with the ability to function 
without being axially supported by two bi-directional 
thrust bearings. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with the ability to function 
while being radially supported by three journal bearings. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with the ability to function 
while being axially supported by one bi-directional thrust 
bearing. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with the ability to function 
when the three journal bearings providing radial support 
for the compound shaft are significantly misaligned ra- 
dially (not in a straight line). 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a first relatively rigid 
or stiff shaft that is supported by a spaced pair of journal 
bearings and a second relatively rigid or stiff shaft that 
is radially supported by a single journal bearing and a 
single bi-directional thrust bearing. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft to 
flexibly couple the first stiff shaft and the second stiff 
shaft. 

It is another aspect of the present invention to utilize 
the flexible disk shaft to provide the second stiff shaft 
(which is supported directly by only one journal bearing) 
with overturning support by coupling the second stiff 
shaft to the journal bearing supporting the nearest end 
of the first stiff shaft 

It is another aspect of the present invention to utilize 
the flexible disk shaft to provide the first stiff shaft (which 
does not have a thrust bearing) with axial support by 
coupling the first stiff shaft io the bi-direclionai thrust" 
bearing supporting the second stiff shaft 

It is another aspect of the present invention to utilize 
the flexible disk shaft to transfer torque from the first stiff 
shaft (including the motor/generator rotor) to the second 
stiff shaft (including the compressor wheel and turbine 
wheel) when the turbogenerator is started and to trans- 
fer torque from the second stiff shaft to the first stiff shaft 
when the turbogenerator is producing electrical power. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft 
that utilizes metal flexures rather than rotating or sliding 
joints so as to avoid hysteritic or "slip-st icktion ' force and 
torque variations and to avoid wear when the compound 
shaft rotates under conditions where the two stiff shafts 
have spin axes that are not co-linear (they are relatively 
mis-aligned). 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft 
which achieves most of its flexibility by trunnion deflec- 
tions of the flexible disk, shaft over a short axial length 
along the flexible disk shaft's spin axis. 



It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft 
that has a soft spring rate (e.g., in units of pound-inch 
per radian) for any trunnion or overturning deflections 
s across the flexible disk. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft 
having a stiff translation^ spring rate (e.g., in units of 
pounds per inch) for any deflections across the flexible 
disk in a plane normal to the flexible disk shaft's spin axis 
It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft 
that can transfer axial loads across the flexible disk. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft 
that has a moderate to high axial spring rate for any axial 
deflections across the flexible disk that are along the 
flexible disk shaft's spin axis. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a flexible disk shaft 
that can be attached to the first stiff shaft by interference 
fit assemble processes and can be attached to the sec- 
ond stiff shaft by a threaded attachment. 

It is another aspect of the present invention to adjust 
the mass and sp ring characteristics of such a compound 
shaft and, more specifically, to shift the axial location of 
the flexible disk member in order to shift or tune the tur- 
bomachine rotating assembly's rigid body and flexural 
critical frequencies. 

It is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
to reduce the frequencies of all rotating assembly rigid 
body criticals as compared to the frequencies inherent 
to an equivalent size single piece shaft supported by two 
journal bearings. 

It is another aspect of the present invention to utilize 

lar&oiOMoiioo'Gf audi a ujiTipOuilu Sncui 

to decrease the frequencies of all rotating assembly rigid 
body criticals to well below the minimum operating 
speed of the turbomachine. 

It is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
to decrease the frequencies of all rotating assembly rigid 
body criticals to such a low value that the bearings/sus- 
pensions can effectively damp these criticals and render 
these criticals easily balanced or not requiring balanc- 
ing. 

It is another aspect of the present invention to utilize 
the dynamic characteristics ofsuch a compound shaft 
with a short quill shaft to increase the frequencies of all 
rotating assembly flexural criticals as compared to the 
frequencies inherent to an equivalent size single piece 
shaft supported by two journal bearings. 

It is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
with a short quill shaft to increase the frequency of the 
rotating assembly's first flexural critical substantially 
above the turbomachine's maximum operating speeds 
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so that this first flexural critical need never be negotiated 
and need never be balanced. 

it is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
with a long quill shaft to decrease the frequency of the 
rotating assembly's first flexural critical as compared to 
the frequency inherent to an equivalent size single piece 
shaft supported by two journal bearings. 

(t is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
with a long quill shaft to decrease the frequency of the 
rotating assembly's first flexural critical to well below the 
minimum operating speed of the turbomachine and 
such a low value that the bearings/suspensions can ef- 
fectively damp this first flexural critical and render this 
critical easily balanced and easily negotiated. 

It is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
to cause the frequency of the lowest un-negotiated crit- 
ical above the maximum operating speed to be nearly 
eight times the frequency of the highest negotiated crit- 
ical below maximum operating speed. 

It is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
to allow the turbomachine to operate over a speed range 
of four to one without encountering a rigid body critical 
or a flexural critical. 

It is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
with a short quill shaft to enable the bearings/suspen- 
sions to damp the negotiated criticals (all rigid body crit- 
icals) so well that the dimensionless damping constant 
Q for these negotiated criticals will be less that 2.5. 

It is another aspect of the present invention to utilize 
the dynamic characteristics of such a compound shaft 
with a short quill shaft to enable the bearings/suspen- 
sionc to damp the negotiated criticals (a.!! ri^id body crit- 
icals) so well that the rotating assembly will not need to 
be balanced as an assembly. 

It is another aspect of the present invention to cause 
the coupling spring rate transmitted by the flexible disk 
shaft from the first stiff shaft to the second stiff shaft to 
be over 100 times the coupling spring rate transmitted 
by the flexible disk shaft from the second stiff shaft to 
the first stiff shaft These coupling spring rates can be 
determined by attaching one of the stiff shafts to a 
ground measurement reference, than applying force 
and measuring the deflection of the other stiff shaft at 
the axial location of the journal bearing nearest the flex- 
ible disk member. In colloquial terms, the first stiff shaft 
knows that it is supported by two journal bearings but is 
only moderately aware of the radial movements of the 
second stiff shaft, while the second stiff shaft thinks that 
it is supported by two journal bearings but is very aware 
of the radial movement of the first stiff shaft 

It is another aspect of the present invention to utilize 
the flexure characteristics of the It is another aspect of 
the present invention to utilize the flexure characteristics 



of the flexible disk shaft to tolerate massive mis-align- 
ment of the three journal bearings supporting the com- 
pound shaft. The compound shaft can tolerate 1 00 times 
the misalignment level tolerable by a solid single piece 
s shaft supported by three journal bearing without ex- 
ceeding the bearing load limits. 

It is another aspect of the present invention to utilize 
three journal bearings to support the compound shaft 
rather than two journal bearings which is conventional 
10 to support a single piece shaft or four journal bearings 
which is conventional to support compound shafts con- 
nected by a light shaft having a universal joint attaching 
it to each of the stiff shafts. 

. It is another aspect of the present invention to utilize 
the axial force transmitting capabilities of the flexible 
disk shaft to permit the use of only one bi-directional 
thrust bearing mounted upon only one of the stiff shafts 
to control the axial position of all shafts of the compound 
shaft. 

It is another aspect of the present invention to utilize 
one or more inertia! mass rings mounted at relatively 
large radii on rotating disks (e.g., the turbine back plane) 
that are located axiaily near nodes of the first flexural 
critical to increase the frequency of that critical. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with the ability to be sup- 
ported by compliant foil hydrodynamic fluid film journal 
(radial) bearings and a compliant foil hydrodynamic fluid 
film thrust bearing and more particularly with the built- 
in rotating surfaces for these bearings inherent to the 
compound shaft of the present invention. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a first stiff shaft that is 
comprised of a sleeve that coaxially surrounds and sup- 
ports a permanent magnet which is itself the rotating el- 
ement of a permanent magnet motor and/or generator 
It is another ssp^t nf tha prp<5pnt inu/ ?nt'on \og>?o- 
vide such a compound shaft with a first stiff shaft having 
an outer diameter surface that can function as both the 
rotating element for two compliant foil hydrodynamic flu- 
id film journal (radial) bearings and as the outer surface 
of a permanent magnet motor rotor. 

It is another aspect of the present invention to pro- 
vide such a compound shaft with a first stiff shaft having 
a stiffening sleeve mounted internally which increases 
the bending stiffness of the shaft and the frequency of 
the first flexural critical. 

Additional aspect and advantages of the present in- 
vention will appear from a reading of the following de- 
tailed description of the preferred embodiments of the 
invention taken in conjunction with the appended draw- 
ing figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Having described the present invention in general 
terms, reference will now be made to the accompanying 
drawings in which: 
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Figure 1 is a sectional view of a turbomachine hav- 
ing the compound shaft of the present invention; 
Figure 2 is an enlarged sectional view of the perma- 
nent magnet shaft or first stiff shaft of the compound 
shaft of the turbomachine of Figure 1 ; 5 
Figure 3 is a plan view of the flexible disk shaft of 
the compound shaft of the turbomachine of Figure 

1; 

Figure 4 is an end view of the flexible disk shaft of 
Figure 3; 10 
Figure 5 is a sectional view of the flexible disk shaft 
of Figure 4 taken along line 5-5; 
Figure 6 is a plan view, partially cutaway, of the flex- 
ible disk shaft of Figures 3-5 interference fit with the 
permanent magnet shaft of Figure 2; is 
Figure 7 is a plan view of the flexible disk shaft of 
Figures 3-5 interference fit with the permanent mag- 
net shaft of Figure 2 and having the power head 
shaft or second stiff shaft removably disposed on 
the tie rod of the flexible disk shaft; 20 
Figure 8 is a sectional view of an alternate flexible 
disk member for the flexible disk shaft of Figures 
3-5: 

Figure 9 is a sectional view of another alternate flex- 
ible disk member for the flexible disk shaft of Fig- 25 
ures 3-5: 

Figure 1 0 is a sectional view of yet another alternate 
flexible disk member for the flexible disk shaft of Fig- 
ures 3-5: 

Figure 11 is a plan view, partially in section, of an 30 
alternate compound shaft of the present invention; 
Figure 1 2 is an enlarged end view of the flexible disk 
shaft of Figure 11; 

Figure 1 3 is a sectional view of the flexible disk shaft 
of Figure 1 2 taken along line 13-13; 35 
Figure 1 4 is a plan view of an alternate flexible disk 

01 icm 1U1 ii ib Hitou imb CGi'i ipGuilu Si icifi Oi FigUft? 11/ 

Figure 1 5 is an enlarged end view of the flexible disk 
shaft of Figure 14; 

Figure 16 isasectional view of the flexible disk shaft 40 
of Figure 15 taken along line 16-16; 
Figure 17 is a further enlarged end view of an alter- 
nate flexible disk shaft of Figure 14; 
Figure 1 8 is a sectional view of the alternate flexible 
disk shaft of Figure 17 taken along line 18-18; 45 
Figure 1 9 is a sectional view of an alternate flexible 
disk member for the flexible disk shafts of Figures 
11 and 14; 

Figure 20 is a sectional view of another alternate 
flexible disk member for the flexible disk shafts of so 
Figures 11 and 14; 

Figure 21 is a sectional view of yet another alternate 
flexible disk member for the flexible disk shafts of 
Figures 11 and 14; 

Figure 22, is an enlarged sectional view of the tur- 55 
bine rotor of Figure 1; 

Figure 23 is a graph of force vs deflection for the 
flexible disk shaft of the compound shaft of the 



present invention; 

Figure 24a is a plot of runout vs speed for a typical 
single piece shaft of the prior art; 
Figure 24b is a plot of runout vs speed for the com- 
pound shaft of the present invention; 
Figure 25 is a computer representation illustrating 
the compound shaft of the present invention going 
through its first rigid body critical; 
Figure 26 is a computer representation illustrating 
the compound shaft of the present invention going 
through its second rigid body critical; 
Figure 27 is a computer representation illustrating 
the compound shaft of the present invention going 
through its third rigid body critical; and 
Figure 28 is a computer representation illustrating 
the compound shaft of the present invention going 
through its first flexural critical. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

A permanent magnet turbogenerator 10 is illustrat- 
ed in Figure 1 as an example of a turbomachine utilizing 
the compound shaft of the present invention. The per- 
manent magnet turbogenerator 10 generally comprises 
a permanent magnet generator 12, a power head 13, 
and a combustor 14. 

The permanent magnet generator 12 includes a 
permanent magnet rotor or sleeve 16, having a perma- 
nent magnet 17 disposed therein, rotatably supported 
within a permanent magnet stator 1 8 by a pair of spaced 
journal bearings 19, 20. The permanent magnet stator 
18 comprises permanent magnet electrical windings 21 
disposed between permanent magnet stator ends 22, 
23. Radial permanent magnet stator cooling fins 25 are 
enclosed in a cylindrical sleeve 27 to form an annular 
air now jj^ssagG' to coci p6rrr»rrbrii mo^Tiot olcuur 
18 and thereby preheat the air passing through on its 
way to the power head 1 3. 

The permanent magnet sleeve 16 and permanent 
magnet 17 collectively form the rotatable permanent 
magnet shaft 28 which is also referred to as the first stiff 
shaft. The permanent magnet 17 may be inserted into 
the permanent magnet sleeve 16 with a radial interfer- 
ence fit by any number of conventional techniques, in- 
cluding heating the permanent magnet sleeve 16 and 
supercooling the permanent magnet 17, hydraulic 
pressing, pressurized lubricating fluids, tapering the in- 
side diameter of the permanent magnet sleeve 16 and/ 
or the outer diameter of the permanent magnet 1 7, and 
other similar methods or combinations thereof. 

The power head 13 of the permanent magnet tur- 
bogenerator 1 0 includes compressor 30 and turbine 31 . 
The compressor 30 having compressor wheel 32, which 
receives preheated air from the annular air flow passage 
in cylindrical sleeve 27 around the permanent magnet 
stator 18, is driven by the turbine 31 having turbine 
wheel 33 which receives heated exhaust gases from the 
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combustor 14 supplied by air from recuperator 15. The 
compressor wheel 32 and turbine wheel 33 are dis- 
posed on bearing rotor 36 having bearing rotor disk 37. 
The bearing rotor 36 is rotatably supported by a single 
journal bearing 38 within the power head housing 39 
while the bearing rotor disk 37 is rotatably supported by 
a bi-directional thrust bearing with one element of the 
thrust bearing on either side of the bearing rotor disk 37. 
A transition structure 29 is welded to the cylindrical 
sleeve 27 and is bolted to the power head housing 39 
by a plurality of spaced bolts 42. 

The journal bearings 19, 20, and 38 would prefera- 
bly be of the compliant foil hydrodynamic fluid film type 
of bearing, an example of which is described in detail in 
United States Patent No. 5,427,455 filed April 18, 1994 
by Robert W. Bosley, entitled "Compliant Foil Hydrody- 
namic Fluid Film Radial Bearing" and is herein incorpo- 
rated by reference. The thrust bearing would also pref- 
erably be of the compliant foil hydrodynamic fluid film 
type of bearing. An example of this type of bearing can 
be found in United States Patent Application No. 
08/363,540 filed December 23, 1 994 by Robert W. Bos- 
ley, entitled "Compliant Foil Hydrodynamic Fluid Film 
Thrust Bearing" and is also herein incorporated by ref- 
erence. 

The permanent magnet shaft 28 is shown enlarged 
in Figure 2. The power head end 24 of the permanent 
magnet sleeve 16 may have a slightly smaller outer di- 
ameter than the outer diameter of the remainder of the 
permanent magnet sleeve 16. The permanent magnet 
sleeve 16, which may include an internal stiffening 
sleeve 34 at the power head end thereof, can be con- 
structed of a material such as non-magnetic I nconel 71 8 
steel, while the permanent magnet 1 7 may be construct- 
ed of a permanent magnet material such as samarium 
cobalt, neodymium-iron-boron or similar materials. In 
aduiiKjfi, uyiinuVicai uiaso piugs (net shown) may be in- 
cluded at either end of the permanent magnet 17. 

The flexible disk shaft 40 Is shown in the enlarged 
views of Figures 3-5. The flexible disk shaft 40 includes 
flexible disk member 47, a short tapered quill shaft 50 
and a flange 45 at one end of tie rod 43. The opposite 
end of the tie rod 43 is threaded to receive nut 41. The 
quill shaft 50 is tapered from the flange 45 to the flexible 
disk member 47. 

The flexible disk member 47 is generally cup- 
shaped having the flexible disk 46 and cylindrical sides 
48. The flexible disk 46 Includes a plurality of spaced 
holes 49 extending therethrough. The size, number, and 
location of the holes 49 are selected to control the spring 
rate properties of the flexible disk 46 and thus insure 
soft trunnion spring rate characteristics and stiff radial 
translations spring rate characteristics normal to the 
compound shaft axis of rotation. The flexible disk 46 
should generally not be radially stretched during the in- 
terference fit assembly onto the first stiff shaft since this 
would change the spring rate of the flexible disk 46 and 
the frequencies of the rotor criticals. 



The permanent magnet shaft 28 of Figure 2 and the 
flexible disk shaft 40 of Figures 3-5 are shown assem- 
bled in Figure 6. The cylindrical sides 48 of the cup- 
shaped flexible disk member 47 of the flexible disk shaft 
5 40 fit over the power head end 24 of the permanent mag- 
net shaft 28 with an interference fit. By an interference 
fit is meant an interference of between 0.0002 and 0.005 
inches. 

As illustrated in Figure 7, the hub 66 of the com- 

10 pressor wheel 32, bearing rotor 36 including bearing ro- 
tor disk 37, and the hub 67 of the turbine wheel 33, which 
collectively form the power head shaft 35, each includes 
a central bore and fits over the tie rod 43 of the flexible 
disk shaft 40. The power head shaft 35 is held in com- 

15 pression on the tie rod 43 by the nut 41 . 

Figures 8-10 illustrate three alternate flexible disk 
members for the flexible disk shafts of Figures 3-5. In 
these embodiments, instead of establishing the flexibil- 
ity of the flexible disk by providing holes or spiral slots 

20 through the disk, the thickness of the disk is increased 
from the cylindrical sides of the flexible disk member to 
the cehterline of the disk. In Figure 8, the disk 91 in- 
cludes a flat outer surface 92 facing the quill shaft 50 
and a tapered inner surface 93. In Figure 9, the flexible 

25 disk 94 has a tapered outer surface 95 and a flat inner 
surface 96 while the flexible disk 97 of Figure 10 has 
both the outer surface 98 and inner surface 99 tapered. 

An alternate version of the compound shaft is illus- 
trated in Figures 11-13. In this embodiment, the flexible 

30 disk shaft 51 includes flexible disk member 58 which in- 
terference fits inside the permanent magnet sleeve 53, 
including permanent magnet 54, as specifically shown 
in Figure 11 . The flexible disk member 58 includes flex- 
fole disk 64 and rim 59 with the disk 64 having a plurality 

35 of spiral slots 61 shown as four (4) in number. The ta- 
pered quill shaft 62 between the disk 64 and the flange 
" 63 iarelongateu ffom tiiat 
version. The opposite end 57 of the tie rod 55, which 
supports the power head shaft 35, is threaded to receive 

40 the nut 41. 

An alternate flexible disk shaft 72 is depicted in Fig- 
ures 14-17. The flexible disk member 73 includes rim 
74 and flexible disk 77 which has five (5) spiral slots 75. 
Each of the spiral slots 75 is generally of a constant 

45 width except for an enlarged end 76 at the rim 74 to re- 
lieve stress in that area The quill shaft 82 between the 
flexible disk 77 and the flange 81 is still further elongated 
in this version of the flexible disk shaft 72. Tie rod 70 
extends from the flange 81. While the flexible disk 58 

so member of Figures 11 -1 3 is interference fit only a short 
distance into the permanent magnet sleeve 53, the flex- 
ible disk member 73 of Figures 14-16 is designed to in- 
terference fit at a greater depth into the permanent mag- 
net sleeve 53 and to almost contact the permanent mag- 

ss net 54. The axial position of the flexible disk member 73 
will change the frequency of the compound shaft criti- 
cals and may require different balancing techniques de- 
pending upon how close the flexfcle disk member 73 is 
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to the magnet 54. The inside diameter of the permanent 
magnet sleeve 53 can be slightly tapered to help the in- 
sertion of the flexible disk member 73 deep into the per- 
manent magnet sleeve 53. 

Either of the flexible disk members 58 or 73 may 
have a generally drum-shaped configuration as shown 
in Figures 17 and 18. This version of the flexible disk 
member, identified as 84, includes drum head 86 and 
sides 85 with the drum head 86 having a plurality (shown 
as four) spiral slots 87 each having a flared opening 88 
at the sides 85 and extending a considerable distance 
along the sides 85. The outer diameter of the sides 85 
may be slightly flared at the open end, as shown in Fig- 
ure 18, to facilitate insertion into the permanent magnet 
sleeve 53. The drum-shape can, however, be open at 
either end, that is, the open end can either face towards 
the permanent magnet 54 or away from the permanent 
magnet 54. The countersunk hole 90 at the center of the 
drum head 86 facilitates the transition of stresses into 
the web formed in the drum head 86 between the spiral 
slots 87. 

In addition, either of the flexible disk members 58 
or 73 may have a flexible disk in which the thickness of 
the flexible disk is increased from the rim to the center- 
line of the disk as illustrated in Figures 1 9-21 . In Figure 
19, the flexible disk 110 includes a flat surface 111 to- 
wards the quill shaft 50 and a tapered surface 1 1 2 away 
from the quill shaft 50. In Figure 20, the flexible disk 113 
has a tapered surface 114 towards the quill shaft 50 and 
a flat surface away from the quill shaft 50 while in the 
flexible disk 1 1 6 of Figure 21 , both surfaces 117 and 118 
are tapered. 

Figure 22 illustrates the turbine rotor 33 having an 
inertial ring 60 of increased mass at a radially outward 
position on the back plane of the rotor 33. This inertial 
ring 60 may be cast in place on the rotor 33 to provide 
increased milsc In this area. Since the beck plane of ths 
rotor 33 is generally at or near a node of the first flexural 
critical, this increased mass at a radially extended posi- 
tion will provide gyroscopic stiffness at the node and in- 
crease the frequency of the first flexural critical. 

Having described the various elements of the tur- 
bomachine including the compound shaft of the present 
invention, its assembly, installation, and performance 
will now be described. Thin brass disks are first bonded 
to each end of an unmagnetized samarium cobalt per- 
manent magnet having a cylindrical shape and having 
a preferred magnetic axis normal to the cylinder's axis. 
The permanent magnet assembly with brass end pieces 
is then ground to obtain a precise outer diameter. It is 
then installed by thermal assembly techniques or other 
conventional means into the hollow permanent magnet 
sleeve which has an internal diameter that is slightly 
smaller than the permanent magnet assembly outer di- 
ameter. The resulting radial interference fit assures that 
the permanent magnet will not crack due to the tensile 
stresses that are induced when the permanent magnet 
assembly and permanent magnet sleeve experience ro- 



tationally induced gravitational fields when used in the 
turbomachine. The permanent magnet sleeve is longer 
than the permanent magnet assembly such that the per- 
manent magnet sleeve has hollow ends when the per- 

5 manent magnet assembly is installed therein. The inter- 
nal stiffening sleeve is pressed with a radial interference 
fit into one of the hollow ends to stiffen the permanent 
magnet sleeve against bending induced by the first flex- 
ural critical mode of the compound shaft rotor assembly. 

10 The permanent magnet shaft assembly then has its out- 
er surface contoured by grinding. It is then balanced as 
a component after which the permanent magnet is mag- 
netized. The resulting permanent magnet shaft is a spe- 
cific example of the first stiff shaft of the present inven- 
ts tion. The flexible disk shaft is then pressed with an in- 
terference fit over the end of the first stiff shaft that has 
the internal stiffening sleeve. 

A compliant foil hydrodynamic fluid film journal 
bearing is installed into the turbomachine's power head 

20 housing. Half of the bi-directional compliant foil hydro- 
dynamic fluid film thrust bearing is attached to the face 
of the power head housing. The bearing rotor (with a 
rotating thrust disk) is installed into the journal bearing 
and abutted against the thrust bearing half mounted in 

25 or attached to the power head. The second half of the 
thrust bearing in installed in the power head assembly 
to enclose the thrust disk of the bearing rotor. The com- 
pressor wheel is then attached to one end of the bearing 
rotor by arbor pressing the interference fit pilot diame- 

30 ters of the compressor wheel and bearing rotor. The tur- 
bine wheel is then attached to the other end of the bear- 
ing rotor by arbor pressing the interference fit pilot di- 
ameters of the turbine wheel and bearing rotor. This 
completes the assembly of the second stiff shaft and the 

35 power head less the compressor shroud and turbine 
shroud. 

installed with a radial interference fit into the stator cool- 
ing fin structure by thermal assembly techniques. The 

40 fin structure is installed with a radial interference fit into 
the motor/generator housing cylindrical sleeve by ther- 
mal assembly techniques. The bearing cartridge retain- 
ers (2) are installed with a radial interference fit into the 
fin structure by either thermal assembly techniques or 

45 by arbor/hydraulic press techniques. The compliant foil 
hydrodynamic fluid film journal bearings (2) are installed 
into the cartridge retainers by slip fit techniques and se- 
cured by a washer and a tapered snap ring. The assem- 
bled motor/generator housing^with built in compressor 

so shroud is then bolted to the power head assembly. The 
assembled first stiff shaft and flexible disk shaft is then 
inserted through the motor/generator housing and into 
the second stiff shaft (compressor, bearing rotor, tur- 
bine) and power head and secured in place with a nut 

55 to place the compressor, bearing rotor, and turbine in 
compression. The turbine shroud is then Installed, fol- 
lowed by the combustor and recuperator (heat exchang- 
er) which completes the turbomachine (turbogenerator) 
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assembly. 

The turbogenerator typically does not require as- 
sembly balancing. It may not even need to be checked 
to determine the state of rotor balance before being put 
into operation. Typically, when the turbomachine is op- 
erated, all the rigid body criticals are negotiated when 
the machine has accelerated above 20,000 rpm. The 
dimensionless damping constant Q (defined as reso- 
nant energy stored by a critical divided by resonant en- 
ergy dissipated by damping per rotor rotation) for the 
last negotiated critical is typically only 2.3. The other ne- 
gotiated criticals are typically damped even better. No 
flexural criticals need to be negotiated. The operating 
speed is 96,000 rpm. The first flexural critical speed is 
over 130,000 rpm. 

The graph of Figure 23 is a plot of force in the y-axis 
vs deflection in the x-axis with line B representing a lin- 
ear spring rate. Curve A includes section A" in which 
linear small deflection plate trunnion spring rate mech- 
anisms dominate and section A 1 where the spring rate 
is dominated by non-linear large deflection plate trun- 
nion and drum head tension mechanisms. Curves C, D, 
and E each illustrate buckling dominated spring rate 
mechanisms. Curve C represents a case with low radial 
compressive stress applied to the outer edge of the flex- 
ible disk with a resulting reduction in trunnion spring rate 
at low deflections. Curve D represents a case with me- 
dium compressive stress resulting in a barely positive 
spring rate. Curve E represents a case with high radial 
compressive stress resulting in a negative trunnion 
spring rate at low deflections. The alphabetical se- 
quence of the curves represent decreasing positive 
spring rate. Increasing radial interference fit of the flex- 
ible disk rim in the permanent magnet sleeve increases 
compressive stresses directly and controls the bearing 
tolerance to misalignment and the rotor critical f requen- 
c:sc Indirectly. & rotor critical dominated by the trunnion 
spring properties of a flexible disk shaft having negative 
spring rate will have a frequency of zero (the critical will 
disappear). While all of these curves are applicable to 
flexible disk shafts shown in Figures 11 and 14, only 
curves A & B apply to the flexible disk shaft shown in 
detail in Figures 3-5. 

Figures 24a and 24b are each a piot of shaft runout 
in the vertical direction vs shaft speed in the horizontal 
direction. Figure 24a represents a typical runout for a 
single piece unitary turbomachine shaft supported by 
two (2) journal bearings. Rigid body critical 100 and flex- 
ural critical 101 are both within the selected operating 
speed range for this typical turbomachine and will re- 
quire considerable balancing and damping in order for 
the shaft to successfully negotiate them, particularly the 
flexural critical 101. 

This is to be contrasted with the situation using the 
compound shpft of the present invention (Figure 24b) 
where the first stiff shaft is supported by a pair of spaced 
journal bearings and the second stiff shaft, connected 
to the first stiff shaft by the flexible disk shaft, is support- 



ed by a single journal bearing. All three of the rigid body 
criticals 104, 105, and 106 are well damped and below 
the operating speed range. The flexural critical 107 oc- 
curs at a speed which is beyond the operating speed 
5 range of the turbomachine. The ratio of the speed of the 
flexural critical 107 to the highest rigid body critical is 8: 
1. 

Figures 25-28 are computer representations gener- 
ally illustrating the criticals 104, 105, 106 and107ofFig- 

10 ure 24b. The first rigid body critical 1 04 of Figure 25 has 
a low frequency of about 9000 rpm and a medium im- 
balance and runout defect leveL The second rigid body 
critical 105 as shown in Figure 26 would occur at about 
14,000 rpm. The third rigid body critical 106 of Figure 

15 27 would occur at about 21 ,000 rpm. Figure 28 illus- 
trates that the first flexural critical which would occur at 
over 130,000 rpm. Each of these figures illustrate the 
static compound shaft, position S, and the compound 
shaft displaced at the speed of the critical, position T 

20 While the first and second shafts are described as rigid 
or stiff, this is a relative term and is only true below the 
first flexural critical. At the high speeds of the first flex- 
ural critical, bending of these two shafts does occur as 
is graphically shown in Figure 28 . 

25 The flexure of the connecting structure between the 
first and second stiff shafts, namely the flexible disk 
shaft prevents either stiff shaft from delivering a moment 
to the other stiff shaft The first stiff shaft does not sense 
or know that there is in fact a second stiff shaft The sec- 

30 ond stiff shaft thinks that it is integrally connected to the 
power head end journal bearing of the first stiff shaft 
The power head shaft journal bearing and the power 
head end journal bearing of the permanent magnet or 
first stiff shaft in essence support the power head shaft 

35 and prevent overturning motion and rubbing of the rotor. 
The compound shaft of the present invention pro- 
vides for tun irt q* shifting cf ^he relets rigid beefy crd 
flexural critical frequencies. This provides flexibility in 
selecting the operating speed range of the turboma- 

40 chine shaft. In most cases, a wide operating range is 
desirable over which there should be a no rigid body or 
flexural criticals that need to be negotiated during nor- 
mal operation. This spread is achieved by lowering the 
rigid body critical frequencies and increasing the first 

45 flexural critical frequency. There are a number of factors 
which can affect frequencies of the rigid body criticals 
and the frequency of the first flexural critical. The length 
of the quill shaft between the flexible disk member and 
the flange on the flexible disk shaft, for example, can 

50 significantly affect the frequency of the first flexural crit- 
ical; the shorter the quill shaft, the higher the frequency. 
The internal stiffening sleeve in the first stiff shaft rotor 
sleeve can increase the frequency of the first flexural 
critical by over 8,000 rpm. The number, type, size, and 

55 location of the holes or slots in the flexible disk or the 
variations in thickness in the flexible disk control the 
spring rate in the compound shaft, bearing tolerance to 
misalignment, and the frequencies of the rigid body crit- 



17 



EP 0 742 634 A2 



18 



icals. 

While specific embodiments of the present inven- 
tion have been illustrated and described, it is to be un- 
derstood that these are provided by way of example on- 
ly. While the compound shaft has been particularly de- s 
scribed for use in a permanent magnet turbogenerator, 
it should be recognized that the compound shaft of the 
present invention is applicable to any turbomachine or 
rotating machine which can utilize or requires a com- 
pound shaft. The invention is not to be construed as be- 10 
ing limited thereto but only by the proper scope of the 
following claims. 



Claims * 5 

1 . A compound shaft comprising: 

a first stiff shaft rotatably supported by a pair of 
spaced journal bearings; 20 
a flexible disk shaft having a flexible disk oper- 
ably connected to said first stiff shaft, a quill 
shaft, and a tie rod; and 
a second stiff shaft rotatably supported by a sin- 
gle journal bearing and coupled to the tie rod of 2s 
said flexible disk shaft. 



The compound shaft of claim 1 wherein one of said 
stiff shafts, for example the second stiff shaft, is fur- 
ther supported by a bi-directional thrust bearing. 30 

The compound shaft of claim 1 or 2 wherein at least 
one of said bearings is a compliant foil hydrodynam- 
ic fluid film bearing. 



3. 



6. 



The compound shaft of any preceding claim where- 
in said frsd&s disk of caic flexible disk shsft has 
soft trunnion spring rate characteristics and stiff ra- 
dial translation spring rate characteristics normal to 
the compound shaft axis. 

The compound shaft of any preceding claim where- 
in said flexible disk shaft achieves most of its flexi- 
bility by trunnion deflections of said flexible disk 
shaft over a short axial length along the flexible disk 
shaft's spin axis. 



40 



45 



The compound shaft of any preceding claim where- 
in said flexible disk of said flexible disk shaft has a 
thickness which decreases radially outwardly from so 
the center-fine of said flexible disk. 

The compound shaft of any preceding claim where- 
in said flexible disk of said flexible disk shaft in- 
cludes a plurality of spaced holes or a plurality of & 
spaced spiral slots. 



8. The compound shaft of claim 7 wherein said spaced 



spiral slots extend radially outwardly at their base 
and/or include an enlarged flared opening at their 
radially outward end. 

9. The compound shaft of any preceding claim where- 
in said flexible disk of said flexible disk shaft is in- 
terference fit with said first stiff shaft, for example 
by virtue of said flexible disk being generally cup- 
shaped and interference fitting over one end of said 
first stiff shaft. 

1 0. The compound shaft of any preceding claim where- 
in said first stiff shaft is a cylindrical sleeve enclosing 
a permanent magnet therein and said second stiff 
shaft is a power head shaft comprising a turbine 
wheel, a bearing rotor, and a compressor wheel 
mounted in compression on said tie bar of said flex- 
ible disk shaft. 

11. The compound shaft of claim 10 wherein an inertial 
ring of increased mass is provided axially near a 
node of the first flexural critical of said compound 
shaft, for example radially outwardly on the back 
plane of said turbine wheel. 

12. The compound shaft of claim 10 or 11 wherein said 
first stiff shaft includes an internal stiffening sleeve 
inside said end of said first stiff shaft sleeve opera- 
bly connected to said flexible disk shaft. 

13. The compound shaft of claim 10 or 11 or 12 wherein 
said quill shaft of said flexible disk shaft is tapered 
from said second stiff shaft to said flexible disk. 



as 14. The compound shaft of claim 10 or 11 or 12 or 13 
wherein said flexible disk of said flexible disk shaft 

sleeve operabty connected to said flexible disk 
shaft. 



15. The compound shaft of claim 14 wherein said flex- 
ible disk of said flexible disk shaft is interference fit 
shallow into said sleeve of said first stiff shaft or is 
interference fit deep into said sleeve of said first stiff 
shaft. 

16. A compound shaft for a permanent magnet turbo- 
generator, said compound shaft comprising: 

a permanent magnet shaft having a permanent 
magnet disposed within a permanent magnet 
sleeve rotatably supported by a pair of spaced 
compliant foil hydrodynamic fluid film journal 
bearings; 

a flexible disk shaft having a generally cup- 
shaped flexfole disk member interference fit 
over one end of said sleeve or having a flexible 
disk member interference fit into one end of 



19 



m EP0 742 634 A2 



said sleeve, a tapered quill shaft, a flange, a tie 
rod, and a threaded nut; and 
a power head shaft having a compressor 
wheel, a bearing rotor, and a turbine wheel ro- 
tatably supported by a single compliant foil hy- 5 
drodynamic fluid film journal bearing and a bi- 
directional compliant foil hydrodynamic fluid 
film thrust bearing, and coupled to the tie rod of 
said flexible disk shaft and held in compression 
between said flexible disk shaft flange and said 10 
threaded nut. 

1 7. A permanent magnet rotor rotatably supported by a 
spaced pair of compliant foil hydrodynamic fluid film 
journal bearings comprising: is 

a permanent magnet; and 
a permanent magnet sleeve enclosing said per- 
manent magnet with the outer surface of said 
permanent magnet sleeve serving as both the 20 
outer surface of the permanent magnet rotor 
and as the compliant foil hydrodynamic fluid 
film journal bearing rotating element. 

18. A flexible disk shaft to be coupled between a first 2S 
stiff shaft and second stiff shaft, said flexible disk 
shaft comprising: 

a flexible disk to be coupled to said first stiff 
shaft; so 
a tie rod to be coupled to said second stiff shaft; 
and 

a quill shaft between the flexible disk and the 
tie rod. 

35 
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